Fungal cell wall assembly is a complicated process involving multiple enzymes and coordinated signaling pathways. The cell wall integrity MAPK pathway acts to stabilize the fungal cell wall during conditions of elevated temperature by regulation of glucan synthesis. The upstream kinase, BCK1, is a critical component of this pathway. Pneumonia is a significant cause of death from the fungal opportunistic pathogen Pneumocystis in immunocompromised states, especially with HIV infection. We have previously shown that PCBCK1 functions in the cell wall integrity pathway in yeast as a functional protein kinase. Kinases have specific requirements for enzymatic function which have not been investigated in fungi. Here we examine the biochemical requirements for PCBCK1 kinase activity expressed in Saccharomyces cerevisiae bck1D yeast. PCBCK1 requires 10 mM MgCl 2 , pH 6, temperature 30°C, and 10 lM ATP for kinase activity. Interference of the Pneumocystis cell wall integrity pathway is an attractive target for drug development since glucan synthesis machinery is not present in humans.
Introduction
The fungal cell wall is a complex structure comprised of macromolecular polymers of glucans, chitin, and mannoproteins [1] [2] [3] . It functions, in part, to protect the fungi from adverse environmental conditions. The cell wall is a dynamic structure which is constantly changing during growth, mating, and exposure to environmental stress. The b-1,3-glucan synthetase enzymes, Fks1 and Fks2, are the principal means that glucose gets incorporated in the fungal cell wall as b-1,3-glucan [4, 5] . Under conditions of normal growth, Fks1 is the predominantly active enzyme. Upon exposure to thermal stress, Fks2 becomes active to augment the stability of the cell wall. This process occurs through dual mechanisms involving calcineurin, which is rapid and transient, and through a cell wall integrity signal transduction pathway, which remains active for the duration of the thermal stress [5, 6] .
Mitogen-activated protein kinases (MAPKs) function in diverse cellular responses to extracellular events [7, 8] . The cell wall integrity MAPK pathway has been well characterized in the yeast Saccharomyces cerevisiae, where elevated environmental temperature triggers the cascade of events which result in an increased production of glucan for enhanced cell wall stability [4] . Sequential activation of the MAPK molecules MEKK (mitogen-activated protein kinase kinase kinase), MEK (mitogen-activated protein kinase kinase), and MAPK occurs through their sequential phosphorylation. Genetic studies in S. cerevisiae established that the upstream kinase, Bck1 (MEKK), phosphorylates the middle kinase, Mkk1 (MEK), which in turn phosphorylates Mpk1 (MAPK) [9, 10] .
MAPKs have specific requirements for functional activity. These enzymes are dependant on ATP for phosphotransfer and divalent cations for optimal activity. In addition, kinases have an optimal range of temperature and pH for functional activity. Our laboratory is investigating signaling molecules from the opportunistic fungal pathogen Pneumocystis carinii [11] [12] [13] [14] . Pneumonia is a significant cause of death from Pneumocystis in immunocompromised conditions, especially in HIV infection, where Pneumocystis infects the alveolar spaces in the lung resulting in deceased blood oxygenation [15] [16] [17] . Since sustained propagation and genetic manipulation of Pneumocystis is not yet possible, we have used the phylogenetic similarity of Pneumocystis and Saccharomyces as a means to study the function of Pneumocystis proteins. We have previously reported the identification of the P. carinii BCK1 and demonstrated that it functions in the cell wall integrity MAPK pathway in yeast [11] . PCBCK1 expressed in S. cerevisiae bck1D yeast has autophosphorylation and substrate phosphorylation ability and complemented growth at elevated temperature. The kinase dead mutant PCBCK1D K575R , lacked functional kinase activity and thus could not sustain growth of the yeast at elevated temperature. Here we examine the biochemical requirements for PCBCK1 kinase activity expressed in S. cerevisiae bck1D yeast.
Materials and methods

Immunoprecitation kinase assays
S. cerevisiae bck1D transformed with PCBCK1 (GenBank Accession No. AF312696) is as previously reported [11] . These yeast were grown to mid-log phase (OD 600 ¼ 0:8) at 25°C in galactose minimal media, lysed in YPER reagent (Pierce) containing protease inhibitors (1 lg/ml each of leupeptin, aprotinin, and pepstatin; 1 mM each of phenylmethylsulfonyl fluoride and sodium orthovanadate), and clarified by centrifugation at 12,000g for 10 min as previously described [11] . We precleared 500 lg each of the protein lysate with a 50% slurry of protein A-Sepharose at 4°C for 30 min, followed by incubation with the anti-V5 antibody (Invitrogen). This antibody recognizes the C-terminal V5 epitope-tagged PCBCK1 as described [11] . PCBCK1 was immunoprecipitated at 4°C for 2 h using anti-V5 antibody at a 1:5000 dilution. The immunocomplexes were captured with protein A-Sepharose and were washed twice in 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, and twice with 50 mM HEPES, pH 7.5, 1 mM DTT. The immunocomplexes were added to a 40 ll reactions containing 50 mM HEPES and 1 mM DTT. We tested pH 4-9, various divalent cations (chloride salts of Mg 2þ , Mn 2þ , Ca 2þ , Cu 2þ , Ni 2þ and Co 2þ ), PHAS-I substrate from 1 to 6 lg, and cold ATP from 10 to 200 lM. Each reaction was started by the addition of 10 lCi c-ATP 32 P (ICN Pharmaceuticals) and incubation in a shaking water bath for 30 min at temperatures ranging from 10 to 50°C. Kinase reactions were stopped with the addition of Laemmli buffer, boiled for 5 min, resolved by electrophoresis on 12% SDS-PAGE gels, and submitted to autoradiography. Autoradiography results in triplicate were scanned and the intensities of bands quantified using the public domain NIH ImageJ 1.29X software (http://rsb.info.nih.gov/nih-image/).
Immunoblotting
Following immunoprecipitation of PCBCK1 as described above, additional samples were resolved by electrophoresis on 12% SDS-PAGE gels, transferred to nitrocellulose membranes, and reacted to the anti-V5 antibody (1:5000 dilution) for 1 h in TBS containing 5% milk. Immunoreactive bands were visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech).
Results and discussion
The biochemical kinase requirements for fungal kinases have not been fully studied, and the only prior reports have been for the S. cerevisiae FUS3 MAPK and our recent report of the P. carinii PCM MAPK [12, 18] . FUS3, which functions in the yeast pheromone-responsive MAPK pathway, uses 20 lM ATP, 20 mM MgCl 2 , pH 7.4 and 30°C for optimal activity [18] . This is similar to mammalian extracellular regulated kinase (ERK) which uses 50-100 lM ATP, 10 mM MgCl 2 , pH 7.4-8.0 and 30°C for optimal activity [19] . Our investigation of the P. carinii PCM MAPK, which is orthologous to FUS3 and complements pheromone signaling in yeast, revealed unique requirements for PCM kinase activity [12] . Optimal conditions for PCM are 10 lM ATP, 0.1 mM MgCl 2 , pH 6.5 and 30-35°C. In fact, MgCl 2 concentrations at and above 10 mM inhibited kinase activity, and an acidic buffer enhanced activity. To better understand the biology of this complicated fungal pathogen, we examine the biochemical requirements for PCBCK1 expressed in S. cerevisiae bck1D yeast by immunoprecipitation kinase assays.
Effect of metal ions on PCBCK1 kinase activity
Divalent cation dependence of PCBCK1 was tested in kinase reaction mixtures initially containing 10 mM of the chloride salts of Mg 2þ , Mn 2þ , Ca 2þ , Cu 2þ , Ni 2þ and Co 2þ . Kinase reactions were initially performed at 30°C with 10 lM ATP and pH 7.0. Immunoprecipitation western blotting was performed to show equal protein from the immunoprecipitation kinase reaction conditions. As shown in Fig. 1 and Cu 2þ failed to support kinase activity. Next, we determined the optimal concentration of Mg 2þ for PCBCK1 activity and found that 10 mM is optimal (Fig. 1) . Concentrations below 5 mM and above 30 mM failed to support kinase activity.
Effect of temperature and pH on PCBCK1 kinase activity
Kinase reactions were performed at 30°C using 10 mM Mg 2þ and 10 lM ATP. Reaction temperatures were tested from 10 to 50°C and pH from 4.0 to 9.0. Optimal temperature for PCBCK1 kinase activity is 30°C (Table 1) , however kinase activity was observed from 10 to 40°C. We found almost complete loss of activity at 50°C. The most intense substrate phosphorylation occurred with pH 6, with a drop in activity above pH 8 and below pH 5.
Determination of optimal ATP and substrate concentration
ATP concentrations were tested in the kinase reaction mixture from 10 to 200 lM. We observed optimal activity at 10 lM and significant reduction in activity above 50 lM (Table 1) . To analyze the effect of substrate on kinase activity, the kinase substrate PHAS-I was incubated in the reaction mixture from 1-6 lg. Substrate phosphorylation increased from 1 to 4 lg and appeared saturated above 4 lg ( Table 1) .
Investigation of the P. carinii BCK1 expressed in yeast demonstrates unique requirements for kinase activity. Optimal conditions for PCBCK1 activity are 10 mM MgCl 2 , 10 lM ATP, pH 6 and 30°C. In comparison, the mammalian MEK kinase 1 (MEKK), which is orthologous to the yeast Ste11 and Bck1 kinases, uses 10 mM MgCl 2 and 5 mM MnCl 2 , pH 7.4, temperature 30°C, and 20 lM ATP [20] . Interestingly, both PCBCK1 and the P. carinii MAPK PCM have optimal activity under acidic conditions (pH 6 and 6.5, respectively) [12] . The reason for this is not clear. Although the intracellular pH of Pneumocystis organisms is unknown, it is intriguing that the alveolar lining fluid is acidic relative to blood plasma (pH 6.9 compared to 7.4) [21] . Since Pneumocystis is an obligate alveolar pathogen, which does not invade the host, a slightly acidic environment might be beneficial for pathogenesis. Likewise, Immunoprecipitation western blotting shows equal protein from the immunoprecipitation kinase reaction conditions. Table 1 Optimal temperature, pH, ATP, and substrate concentration for PCBCK1 kinase activity. PCBCK1 was immunoprecipitated from S. cerevisiae bck1D yeast and tested in kinase assays with MgCl 2 (10 mM). A range of pH (4-9) and temperature (10-50°C) was tested. Additional kinase assays were performed using 10 mM MgCl 2 at pH 6 and 30°C testing ATP as a phosphate donor from 10 to 200 lM and PHAS-I from 1 to 6 lg as a substrate. Triplicate autoradiograms for each condition were scanned and the intensities of bands quantified using NIH ImageJ 1.29X software Relative kinase activity, mean; (SD) n ¼ 3 significant pneumonia associated with systemic acidosis further causes the alveolar lining fluid to become even more acidic, and these conditions might contribute to enhanced enzymatic activity of the Pneumocystis kinases PCM and PCBCK1. Further investigation of these signaling pathways in Pneumocystis will yield a better understanding of this organism's biology which may lead to the development of newer medications to treat this infection. Since glucan and the enzymes required for it's biosynthesis are not present in humans, interference of the Pneumocystis cell wall is an attractive target for new drug development.
